Abstract. The Na + / Ca 2+ exchanger (NCX) plays a role in regulation of intracellular Ca 2+ levels, but little is known about the functional role of NCX in microglia. To clarify the role of NCX in microglia, we studied the responses of NCX to pathological conditions such as interferon-γ or nitric oxide (NO) exposure. Treatment with interferon-γ caused a biphasic increase in NCX activity. The delayed increase in NCX activity was accompanied by increases in the mRNA and protein levels. Pharmacological studies show that protein kinase C and tyrosine kinase are involved in the transient and delayed increases in NCX activity, and the extracellular signalregulated protein kinase is involved in the delayed increase in NCX activity. On the other hand, NO causes apoptotic cell death in cultured microglia. We observed, using the specific NCX inhibitor SEA0400, that NO activates NCX activity and NCX is involved in NO-induced depletion of Ca 2+ in the endoplasmic reticulum (ER), leading to ER stress. These results suggest that NCX is involved in the regulation of Ca 2+ levels in the ER. The responses of NCX to interferon-γ and NO implies that NCX plays a key role in microglial function.
Introduction
Microglia are considered to be the most plastic cell population of the CNS. In response to pathological conditions, microglia undergo a stereotypic activation process composed of proliferation, migration, and morphological and functional changes (1, 2) . Microglial activation has been reported in several human neurological disorders such as multiple sclerosis, Parkinson's disease, ischemia, and even brain tumor. Although the exact mechanism of microglial activation is unknown, it is most likely mediated by the secretion of cytokines, such as interferon-γ (IFN-γ), by local inflammatory cells. The activated microglia secretes diverse inflammatory and cytotoxic factors such as nitric oxide (NO) and tumor necrosis factor-α (3). These factors may be involved in the pathogenesis of various neurodegenerative diseases (1, 4) . Lee et al. (5) demonstrated that mouse microglial cells undergo apoptosis upon inflammatory activation and that NO is a major autocrine mediator in the process. Electrophysiological studies show that microglia possess several ion channels such as K + , Na + , H + , and non-selective cationic channels (6, 7) . In the CNS, three NCX isoforms (NCX1 -3) and several splicing variants are localized in various cells such as neurons, oligodendrocytes, and astrocytes (8 -10). We have recently shown that NCX is present in cultured microglia at mRNA, protein, and activity levels (11, 12). Furthermore, we have found that IFN-γ stimulates NCX activity and NCX is involved in NO-induced cell injury in cultured microglia. This mini-review summarizes the responses of microglial NCX to pathological conditions.
Response to IFN-γ
Treatment with IFN-γ caused transient and delayed increases in NCX activity in cultured microglia ( Fig. 1 ) (12). The delayed increase in NCX activity was blocked by the protein synthesis inhibitors cycloheximide and actinomycin D, while the transient increase in NCX activity was not blocked. Semi-quantitative RT-PCR analysis showed that the mRNA levels of three NCX isoforms (NCX1, NCX2, and NCX3) increased at 5 h, but not at 1 h, after treatment with IFN-γ; and immunoblot analysis showed that NCX protein increased due to treatment with IFN-γ for 24 h. These observations suggest that the transient increase is due to the activation of NCX and that the delayed increase is due to the induction of NCX. The subsequent pharmacological studies suggest that protein kinase C or the tyrosine kinase cascade is responsible for IFN-γ-induced transient and delayed increases in NCX activity, and the extracellular signal-regulated protein kinase signaling pathway is involved in IFN-γ-induced delayed increase in NCX activity in microglia (Fig. 2) . We also observed in a preliminary experiment that treatment with lipopolysaccharide (1 µg/ ml) for 24 h increased NCX activity in cultured microglia. Thus, it is likely that NCX is involved in microglial activation, although the precise mechanism is not known. ] i during microglial activation.
NO-induced cell toxicity
Previous studies have shown that NCX activity is stimulated by NO in vascular smooth muscle cells (15), astrocytes (16), and C6 glioma cells (17). From these Fig. 2 . Up-regulation of NCX by IFN-γ in cultured microglia. IFN-γ increases NCX activity in a biphasic way. The rapid increase in NCX activity is mediated by protein kinase C (PKC) and tyrosine kinase pathways, while the delayed increase in NCX activity is mediated by PKC, tyrosine kinase, and the extracellular signalregulated protein kinase (ERK) signals. The increases in NCX activity lead to changes in intracellular Ca 2+ levels and may be involved in microglial activation. observations, it is possible that NCX activity may be involved in the effects of NO. NCX is largely distributed close to the sarcoplasmic reticulum / endoplasmic reticulum (ER) Ca 2+ stores in smooth muscle (18, 19) and astrocytes (20) . In addition, Golovina et al. (21) reported that Ca 2+ entry across plasmalemma via NCX increases the Ca 2+ level of ER stores in astrocytes, and Chernaya et al. (22) reported that Ca 2+ release from intracellular stores induces regulatory activation of NCX activity in transfected Chinese hamster ovary cells expressing NCX. These findings suggest that NCX plays a role in regulation of the intracellular Ca 2+ stores in the ER. The ER is the major intracellular Ca 2+ storage site: the Ca 2+ concentration in the lumen of the ER is 3 -4 orders of magnitude greater than that of the cytosol, a gradient that is maintained by ER Ca 2+ -ATPase (23) . Under conditions of oxidative or chemical stress, the ER undergoes a stress response termed the "unfolded protein response" (24, 25) . Recent studies show that NO-induced apoptosis is mediated by the ER stress pathway in pancreatic β cells, p53-deficient microglia, and RAW 264.7 macrophages (26 -28) .
We also demonstrated that sodium nitroprusside (SNP) induces apoptosis via the ER stress pathway in cultured rat microglia (Fig. 3) (29) . The SNP molecule contains Fe and ferricyanide, but the iron ion chelator deferoxamine did not reverse the effect of SNP, and Fe 3 K(CN) 6 did not affect cell viability. Furthermore, another NO donor, SNAP, decreased MTT reduction activity in cultured microglia. It is thus likely that the cytotoxic effect of SNP is due to NO in cultured microglia. SNP attenuated the thapsigargin-induced Ca 2+ signal, suggesting a decrease in ER Ca 2+ levels, and the NO donor increased the expression of CHOP and GRP78 mRNAs in cultured microglia. That is, SNPinduced disturbance of ER Ca 2+ homeostasis is followed by the expression of stress proteins. Using the selective NCX inhibitor SEA0400, we examined whether NCX is involved in NO-induced apoptosis (30) . SEA0400 at 0.3 -1.0 µM attenuated the decrease in cell viability induced by SNP and attenuated SNP-induced DNA Fig. 3 . Possible mechanism for protection by SEA0400 against NO-induced cell injury in microglia. NO may affect the capacitative Ca 2+ entry (CCE), NCX, and Ca
2+
-ATPase. The protective effect by the specific NCX inhibitor SEA0400 suggests the possible role of NCX in regulation of ER Ca 2+ levels. Microglial Na + /Ca 2+ Exchanger 25 ladder formation and nuclear condensation. SEA0400 also blocked the NO-induced decrease in ER Ca 2+ levels (Fig. 4) and increases in the expression of CHOP and GRP78 mRNAs in microglia. Finally, SEA0400 blocked the SNP-induced increase in NCX activity. These findings suggest that the protective effect of SEA0400 against NO-induced apoptosis is mediated by attenuation of the ER stress.
Little is known about the mechanism underlying NOinduced ER stress. NO inhibits sarcoplasmic reticulum Ca
-ATPase activity (31, 32) . In addition, NO induces apoptosis via an inhibition of capacitative Ca 2+ entry (33) . These effects may lead to a decrease in ER Ca 2+ levels. However, in cultured microglia, SEA0400 affected neither the Ca 2+ response to thapsigargin, a typical inhibitor of Ca 2+ -ATPase, nor capacitative Ca 2+ entry in the presence or absence of SNP. On the other hand, SNP stimulated NCX activity in cultured microglia and this effect was blocked by SEA0400. This result suggests that NCX is involved in NO-induced cell injury in microglia.
How is NCX involved in NO-induced cell injury? Previous studies show that NCX is expressed on the plasma membrane close to regions of ER in smooth muscle cells (19) and astrocytes (20) . Considering the close relationship between NCX and intracellular Ca 2+ stores, it is likely that the NO-induced decrease in ER Ca 2+ is mediated by Ca 2+ efflux via activation of NCX in the forward mode (Fig. 3) . In this connection, Ma et al. (34) have recently reported that physical interaction between ER and plasma membrane is necessary for activation of plasma membrane store-operated Ca 2+ channels and suggested that ER moves dynamically in the cells. Concerning the interaction between the plasma membrane and ER, it is noteworthy that the plasma membrane microdomains containing NCX, Na + pumps with α 2 and α 3 isoforms interact with ER to form Ca 2+ signaling complexes (35) . These plasma membrane microdomains and ER components appear to be linked through the cytoskeletal spectrin network.
Concluding remarks
The present review focuses on the responses of NCX to IFN-γ and NO in cultured microglia (Fig. 5) . The finding that NCX is up-regulated by IFN-γ suggests that NCX-mediated Ca 2+ regulation is involved in the effects of IFN-γ. On the other hand, the finding that SEA0400 prevents NO-induced ER stress and apoptosis suggests that the exchanger contributes to extrusion of ER Ca 2+ out of the cells via a possible interaction with ER under pathological conditions. Concerning NCX isoforms in microglia, the expression of NCX1 mRNA is much higher in microglia and astrocytes than in neurons (12). In addition, NCX1 and NCX2 are more sensitive to inhibition by SEA0400 than NCX3 (36) . Thus it appears that NCX1 plays a key role in the response to IFN-γ and NO in cultured microglia. These studies provide new insight into the role of NCX: the exchanger has a key role in microglial activation and apoptosis. Microglial activation has a pathological role (1, 2) . In addition, recent studies show that activated microglia modulate pain signaling in the dorsal horn (37, 38) . Taken together, it is likely that NCX may be a target for the treatment of neurodegenerative disorders and neuopathic pain. 
